The presence, size and importance of bacterial communities on plant leaf surfaces are widely appreciated. However, information is scarce regarding their composition and how it changes along geographical and seasonal scales. We collected 106 samples of field-grown Romaine lettuce from commercial production regions in California and Arizona during the 2009-2010 crop cycle. Total bacterial populations averaged between 10 5 and 10 6 per gram of tissue, whereas counts of culturable bacteria were on average one (summer season) or two (winter season) orders of magnitude lower. Pyrosequencing of 16S rRNA gene amplicons from 88 samples revealed that Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria were the most abundantly represented phyla. At the genus level, Pseudomonas, Bacillus, Massilia, Arthrobacter and Pantoea were the most consistently found across samples, suggesting that they form the bacterial 'core' phyllosphere microbiota on lettuce. The foliar presence of Xanthomonas campestris pv. vitians, which is the causal agent of bacterial leaf spot of lettuce, correlated positively with the relative representation of bacteria from the genus Alkanindiges, but negatively with Bacillus, Erwinia and Pantoea. Summer samples showed an overrepresentation of Enterobacteriaceae sequences and culturable coliforms compared with winter samples. The distance between fields or the timing of a dust storm, but not Romaine cultivar, explained differences in bacterial community composition between several of the fields sampled. As one of the largest surveys of leaf surface microbiology, this study offers new insights into the extent and underlying causes of variability in bacterial community composition on plant leaves as a function of time, space and environment.
Introduction
The phyllosphere or leaf surface (Ruinen, 1956) represents a biome that is inhabited by a variety of bacteria, fungi, archaea and other microorganisms (Lindow and Leveau, 2002; Lindow and Brandl, 2003; Leveau, 2006) . Culture-independent methods based on the analysis of ribosomal RNA (rRNA) genes have revealed that phyllosphere microbiota are complex and more diverse than the results from culture-dependent approaches would suggest (Yang et al., 2001; Handschur et al., 2005; Jackson et al., 2006; Lambais et al., 2006; Redford and Fierer, 2009; Yashiro et al., 2011) . In recent years, next-generation sequencing of rRNA amplicons has made its way into the toolbox of phyllosphere microbiologists, providing in-depth descriptions of the bacterial and fungal community composition associated with leaves of oak (Jumpponen and Jones, 2009; Jumpponen and Jones, 2010) , soybean, clover and mouse-ear cress (Delmotte et al., 2009) , various tree species (Redford et al., 2010) , salt cedar (Finkel et al., 2011) , spinach (Lopez-Velasco et al., 2011) and grape (Leveau and Tech, 2011) .
These new technologies and resulting databases provoke great excitement over the prospect to address long-standing questions in the field of phyllosphere microbiology. For example, more complete descriptions of foliar microbial communities are starting to shed light on what constitutes true 'residents' of the phyllosphere as opposed to 'transient' colonizers (Hirano and Upper, 1991) . The former are generally regarded as 'core' taxa (Unterseher et al., 2010) , which are consistently and abundantly found on the foliage of various plant species and are likely to possess adaptations specific for survival and reproduction under the harsh circumstances that typify the phyllosphere (Leveau, 2006) . Another question that is beginning to be addressed relates to the mechanisms and consequences of variability in the composition of microbial communities on leaf surfaces. Such differences have been documented, and the roles of both the local environment and plant species have been discussed (Whipps et al., 2008 , Knief et al., 2010 . Good evidence exists in support of the hypothesis that plants select for specific microbiota on their leaves and that this correlates with plant genetic components (Balint-Kurti et al., 2010; Hunter et al., 2010) . Our understanding of leaf microbiota as providers of specific services, for example, pathogen exclusion (Newton et al., 2010) and nitrogen fixation (Fü rnkranz et al., 2008) , relies on continued efforts to catalog the microbial communities on plant foliage.
Historically, phyllosphere research has been driven by the desire to understand the biology and ecology of foliar plant pathogens on crops (Leveau, 2006) . Subject to intense management of typically monoculture crops across a wide range of seasons and production regions, today's agroecosystems are ideal testing grounds for interpreting differences in the microbial diversity associated with plant leaves in the context of spatiotemporal and environmental factors. One crop of interest to phyllosphere microbiologists is lettuce (Lactuca sativa L.), which is economically important worldwide with an estimated annual production value of 4$2 billion in the United States (USDA, 2011). Given its positive health benefits, consumption of lettuce and other fresh leafy produce has increased in recent years (Li et al., 2010) . At the same time, there is concern about recurrent outbreaks of foodborne illnesses linked to the consumption of leafy greens contaminated with enteric pathogens such as Escherichia coli O157:H7 (Erickson et al., 2010) and Salmonella (Klerks et al., 2007) . Another challenge facing the leafy greens industry is preharvest losses due to plant pathogens (Davis et al., 1997) , including Xanthomonas campestris pv. vitians (Xcv) causing bacterial leaf spot (BLS) (Barak et al., 2001) .
Several studies have already taken a cultureindependent approach to describe the bacterial communities naturally associated with lettuce leaves, either pre-or postharvest (Handschur et al., 2005; Zwielehner et al., 2008; Hunter et al., 2010) . They revealed that community composition varied with season (Zwielehner et al., 2008) , lettuce cultivar (Hunter et al., 2010) and stage in the farm-to-fork supply chain (Handschur et al., 2005) . With the present study, we aimed to expand on these insights by providing a comprehensive database of the bacterial community composition on preharvest lettuce leaves from fields at different geographical locations. More than 90% of the lettuce production in the United States occurs in California and Arizona (Boriss and Brunke, 2005) . Most of the summer production (from April to October) occurs in California's Salinas Valley, while winter production (from November to March) takes place in the desert regions of Yuma, Arizona and California's Imperial Valley. For this study, we sampled Romaine lettuce at the time of harvest from over 50 commercial fields throughout an entire production cycle. The scope of this survey allowed us to interpret the observations of variability in bacterial community composition in the context of growing season, field location and environmental conditions.
Materials and methods
Sample collection, bacterial retrieval, colony counting, DNA isolation and quantitative PCR Samples of field-grown Romaine lettuce were collected from production regions in California and Arizona (Figure 1 ; Supplementary Table 1) . Per field, two samples were taken at the time of harvest B100 m apart, that is, from the opposing corners of an B0.5-ha section in the center of the field. Each sample consisted of four lettuce heads from which were picked two outermost and two inner leaves from the fourth leaf circle for a total of 16 leaves per sample. Bacteria were retrieved from leaves by washing as described earlier (Rastogi et al., 2010) . Aliquots of leaf washings were plated and incubated at 20 1C for 48 h on 0.1 Â Tryptic Soy agar (TSA) or King's B (KB) agar to obtain estimates for the number of colony-forming units (CFUs) per gram of leaf tissue. Aliquots were also plated and incubated at 37 1C for 24 h on CHROMagar ECC to count the total number of coliforms. Bacteria in the remainder of each leaf washing were concentrated by centrifugation and the resulting pellet was used to extract total DNA using a PowerSoil DNA Isolation Kit (MO-BIO Laboratories Inc., Carlsbad, CA, USA). DNA was used in a quantitative PCR (qPCR) to estimate the total bacterial population sizes as described earlier (Rastogi et al., 2010) .
Barcoded pyrosequencing, DNA sequence processing and taxonomic analysis DNA extracted from 88 selected lettuce leaf surface samples was used in a PCR to amplify bacterial 16S rRNA gene sequences encompassing the V5, V6 and V7 hypervariable regions as described earlier (Leveau and Tech, 2011) . Pyrosequencing of these barcoded amplicons was performed on two halves of two standard PicoTiter plates using the GS-FLX 454 Titanium platform (Roche, Basel, Switzerland) at the Core for Applied Genomics and Ecology (CAGE) at the University of Nebraska (Lincoln, NE, USA). Reproducibility between the two runs was confirmed by including technical replicates (Supplementary Figure 1) . Sequences were screened through the CAGE custom length and quality filters, as explained before (Leveau and Tech, 2011) , trimmed to 450 bp, and analyzed through the Ribosomal Database Project (RDP) pyrosequencing pipeline (http://pyro.cme.msu.edu). We obtained a total of 818 013 DNA sequences, with an average of 9296±3210 per sample (Supplementary Table 1) . From each sequence data set representing a single sample, 2836 sequences were randomly selected using PANGEA (Giongo et al., 2010) ; this number corresponded to the lowest number of reads found in a single sample (Supplementary Table 1 ; Supplementary Figure 2 ). These randomly selected sequences from each sample were pooled into a total data set of 249 568 sequences and the taxonomic identity of individual sequences was assigned using the Bayesian rRNA classifier at an 80% confidence threshold (Cole et al., 2009) . Operational taxonomic units (OTUs) were determined at the genus (95%) level. Analysis by weighted Fast UniFrac (Hamady et al., 2010) was used to compare the bacterial communities across different lettuce samples. Only OTUs represented by two or more sequences were included (Behnke et al., 2011) . Figure 3) . The vertical dashed line separates the summer data from the winter data in each panel. The data points marked Â in panel c represent the limit of detection for samples from which no colonies were recovered on CHROMagar ECC plates.
Results
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Castroville ( (Figure 2b ), on average 10-fold for the summer samples (4.50 ± 0.46) and 100-fold for the winter samples (3.65±0.48). Population sizes of culturable coliform bacteria varied widely among summer samples around an average of 3.28 ± 0.64, whereas for most winter samples these populations fell below the average limit of detection of 1.92 ± 0.10 ( Figure 2c ).
Identification of a core bacterial community and estimation of leaf-associated bacterial diversity From 88 selected lettuce samples, that is, 2 samples per field from 44 fields across summer and winter production regions, we analyzed a total of 249 568 bacterial 16S rRNA sequences. On the basis of RDP Classifier analysis, the majority of these sequences were affiliated with one of four phyla: Proteobacteria (74%), Firmicutes (13%), Bacteroidetes (7%) and Actinobacteria (3%) (Figure 3 ). Of the 478 bacterial genera identified, the 13 most abundantly represented were Pseudomonas (17%), Bacillus (7%), Pantoea (6%), Massilia (5%), Xanthomonas (4%), Alkanindiges (3%), Erwinia, Duganella and Acinetobacter (2% each), and Flavobacterium, Naxibacter, Exiguobacterium and Arthrobacter (1% each) (Supplementary Figure 4) . For all other genera, the number of representative sequences was o1%. Pseudomonas, Bacillus, Massilia and Arthrobacter were the only genera to have at least one representative sequence in all 88 samples. We tentatively define these genera as making up the core bacterial microbiota of the lettuce phyllosphere, together with Pantoea, for which sequences were found in all but one sample. We also analyzed the summer and winter data separately, which added the genera Skermanella, Rhizobium and Brevundimonas to the summer core community, and Exiguobacterium and Planomicrobium to the winter core community.
Foliar detection of a bacterial pathogen correlates with the presence or absence of specific taxa The genus most unevenly distributed between samples was Xanthomonas, which was identified only in 33 of the 88 samples. In 13 of these samples, the relative abundance of Xanthomonas sequences was high, that is, between 2% and 69% of all reads. Most of these Xanthomonas sequences revealed close resemblance to the 16S rRNA genes from X. campestris, and by using a specific primer set (Barak et al., 2001) we were able to confirm (data not shown) that these samples contained high loads of Xcv, the causative agent of BLS on lettuce. All high-Xcv samples came from summer production regions, specifically from seven fields near Gonzales, Figure 3 Bacterial community structure associated with Romaine lettuce leaves. Shown is the RDP Classifier analysis of sequences pooled from 88 leaf samples, with 2836 sequences representing each sample. The five columns represent different taxonomic ranks (Phylum, Class, Order, Family and Genus), and each box within a column represents a distinct taxon within that taxonomic rank. The height of each box corresponds to the percentage of all sequences that were assigned to the taxon, which is represented by that box, and the heights of all boxes in a single column add up to 100%. The boxes of abundantly represented taxa are labeled with the name of those taxa. Of all sequences, 97% could be assigned at the Class level, 93% at the Order level, 89% at the Family level and 71% at the Genus level; less than 2% were labeled as 'Unclassified Bacteria'. The largest group of sequences that could be assigned at the Family but not Genus level were 'Unclassified Enterobacteriaceae' (5%).
Bacterial communities in the lettuce phyllosphere G Rastogi et al Soledad and King City. Of all other samples from fields near these cities, eleven showed no Xanthomonas. When we compared the relative representation of bacterial genera between high-and no-Xcv samples (Figure 4) , there was a clear overrepresentation of Alkanindiges sequences on leaves with high-Xcv loads, whereas no-Xcv leaves were on average more abundant for Bacillus, Erwinia and Pantoea. For comparison, the relative abundance of Massilia was not different between high-and no-Xcv populations (Figure 4) .
Comparison of bacterial community composition between samples from the same and different fields To compare in more detail the bacterial community associated with lettuce leaves from different fields and sampling dates, we used a weighted Fast UniFrac analysis, which placed each of the 88 sequenced samples from 44 fields into one of nine discrete clusters ( Figure 5 ). For 16 fields, the two samples from each field were more similar to one another than to any other sample. For 23 other fields, the two samples from each field were not most similar to each other, but fell within the same cluster. As most of these clusters showed interspersed samples from different geographical regions and different sampling dates, one needs to assume that factors other than field location and date of collection had a role in determining the community composition of the lettuce leaf microbiota. For the remaining five fields, the two samples belonged to different clusters, suggesting substantial in-field variation.
Bacterial communities from summer and winter production regions were different As shown in Figure 5 , samples that were collected in the summer (clusters 1-4) never shared a cluster with samples from the winter (clusters 5-9). This separation did not appear to be a function of the average air temperature, which was very similar between the summer and winter season (15±2 1C and 12±1 1C, respectively). However, summer and winter samplings differed at day of sampling in average solar radiation (522 ± 110 Ly per day in summer versus 281±42 Ly per day in winter), average relative humidity (75 ± 10% versus 62 ± 13%) and average soil temperature (23 ± 3 1C versus 12±1 1C). The most conspicuously overrepresented group of bacteria in winter samples were members from the family Oxalobacteraceae: on average, 22% of all sequences were classified as such, compared with only 8% in the summer samples. Another striking difference in community composition between samples from the summer and winter production regions involved sequences classified as Enterobacteriaceae: these were more ubiquitous in summer than in winter, that is, on average 19% versus 4%. The number of OTUs were different between summer and winter samples at averages of 149 ± 41 and 185 ± 74, respectively (Supplementary Figure 5) . However, this difference could be attributed to the six samples in cluster 5. Without these samples, the average number of OTUs in winter was 155±35, that is, not significantly different from summer. In at least two instances, two fields sampled on the same day in the same general area fell into two separate clusters. For example, Marina samples M2a and M2b were collected on the same day as M3a and M3b, but belonged to cluster 3 instead of 1. Similarly, Gonzales samples G1a and G1b (cluster 2) were taken on the same day as G2a and G2b (cluster 4). These observations require an explanation that is field specific and independent of environmental conditions around the time of sampling, which are presumed to have been similar between M2a/b and M3a/b and between G1a/b and G2a/b. The difference between G1a/b and G2a/b is linked to the fact that, unlike G2a and G2b, samples G1a and G1b were collected from fields with high-Xcv loads.
The fields we sampled were planted with different cultivars of Romaine lettuce (Supplementary Table 1 Figure 4 Comparison of the relative abundance of representatives in the genera Alkanindiges, Bacillus, Erwinia, Pantoea and Massilia in lettuce leaf samples that either harbored high levels of Xanthomonas (black bars; averaged over n ¼ 13 samples) or no Xanthomonas (white bars; averaged over n ¼ 11 samples). The error bars indicate standard deviations. Differences between the average abundance of Alkanindiges, Bacillus, Erwinia, Pantoea, but not Massilia, were significantly different (Po0.01) between high-Xanthomonas and no-Xanthomonas samples.
Bacterial communities in the lettuce phyllosphere G Rastogi et al bacterial community composition, we performed a principal component analysis on a subset of samples from the summer season for which cultivar information was available ( Figure 6 ). This analysis revealed a tendency of samples from the same field to cluster together, but we did not see a correlation with Romaine cultivar. Given the availability of data from summer samples that were taken from the same general growing region but on different days, or on the same day but from fields in different growing regions, we were able to address the question of how bacterial community composition on lettuce leaf surfaces changed over distances in time and space. It is clear from Figure 7a that differences in the bacterial community composition on leaves that were collected at different dates from fields near Marina did not correlate with the number of days between sampling events. We reached the same conclusion for other growing regions (data not shown). On the other hand, we saw a positive correlation between the Fast UniFrac distance and the distance between samples from different fields on the same sampling date (Figures  7b and c) , suggesting that bacterial communities on lettuce leaves became more dissimilar over short geographical distances.
Differences among fields from winter production regions For most samples from the winter production region, clustering was correlated with sampling Figure 5 Clustering tree based on weighted Fast Unifrac analysis of the bacterial communities associated with 88 lettuce leaf samples from production fields near Marina (M), Gonzales (G), Soledad (S), King City (K), Salinas (Sa), Yuma (Y), El Centro (E), Holtville (H) and Calexico (Ca). Discrete clusters are highlighted in gray and numbered from 1 to 9. Any sample that was more similar to the corresponding sample from the same field than to any other sample is labeled with a white dot; any sample for which the corresponding sample belonged to a different cluster is labeled with a black dot. The sample names shown in bold represent the 13 samples with high loads of Xanthomonas. Colored markings on the outer ring segments indicate the collection dates for each sample; the color of the marking indicates geographical location (e.g. blue represents Marina). For clusters 1 to 4, there are 10 such ring segments, representing the following sampling dates in 2009 (from inside to outside): 6/15, 7/9, 7/15, 7/23, 7/27, 8/25, 9/1, 9/8, 9/16 and 9/30. For clusters 5 to 9, there are 4 ring segments, representing sampling dates (from inside to outside) 12/22 in 2009, and 1/5, 1/26, and 1/31 in 2010. The red line on the cluster tree connects samples G1a/b and G2a/b, whereas the blue line connects samples M2a/b and M3a/b; these are discussed in the text as examples of samples that were taken from different fields in the same general location on the same day, but belonging to different clusters.
date. Samples taken on 5 January 2010 belonged for the most part to cluster 8, with the exception of two, which fell into cluster 9. Samples in cluster 7 were all from fields that were wet with recent rain at the time of sampling; their communities showed higher than average abundances of members from the families Flavobacteriaceae (phylum Bacteroidetes) and Methylophilaceae (class Betaproteobacteria). All samples in clusters 5 and 6 were taken on 22 December 2009 in Yuma County and were characterized by high relative abundances of members from the family Geodermatophilaceae (phylum Actinobacteria), that is, 0.5-8.5% of total sequences compared with 0-0.2% in all other samples.
Discussion
This study is the first comprehensive pyrosequencing analysis of bacterial communities associated with the phyllosphere of a spatiotemporally varying agroecosystem. In terms of the number of samples, sampling locations and times, and the sequencing depth per sample, our culture-independent survey exceeded others dealing specifically with leaf surface microbiota (Delmotte et al., 2009; Redford et al., 2010; Lopez-Velasco et al., 2011; Leveau and Tech, 2011) . Our findings not only confirmed previously observed phyllosphere associations of certain bacterial taxa, but also identified new associations, possibly unique to lettuce, as well as unanticipated correlations between the relative abundance of certain bacterial taxa. Given the scope of the survey, we can start appreciating the factors that are likely to shape the bacterial community composition on foliage of field-grown crops, including geographical location and environmental conditions. Of added value to this study was the combination with culture-dependent assessments of bacterial populations, which allowed us to interpret counts of culturable bacteria in the context of bacterial community composition, and vice versa.
We identified Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria as the most abundantly represented bacterial phyla on lettuce foliage. This is consistent with what has been reported for many other plants, as deduced from pyrosequencing, such as grape (Leveau and Tech, 2011) , various tree species (Redford et al., 2010) as well as fresh spinach (Lopez-Velasco et al., 2011) . At the genus level, we found Pseudomonas, Bacillus, Massilia and Arthrobacter in all samples, independent of sampling location and sampling date. Pseudomonas was identified previously as dominating the phyllosphere of field-grown lettuce and other plants, based on culture-dependent and -independent analyses ( Handschur et al., 2005; Lambais et al., 2006; Zwielehner et al., 2008; Hunter et al., 2010; LopezVelasco et al., 2011) . Bacillus and Arthrobacter are also commonly recognized and isolated as leaf surface colonizers (Salerno et al., 1997; Krimm et al., 2005; Enya et al., 2007) . Members of the genus Massilia have been detected in the phyllosphere earlier, but only through culture-independent approaches (for example, Delmotte et al., 2009; Yashiro et al., 2011) . On spinach leaves, Massilia represented as much as 7.4% of the total bacterial population (Lopez-Velasco et al., 2011). Interestingly, Massilia was identified earlier as a major constituent of agricultural aerosols in central California (Rawa et al., 2011) , which suggests a bacterial source/sink relationship between lettuce foliage and the surrounding air. Culturable representatives of Massilia have, to our knowledge, never been isolated from leaf surfaces. This finding underscores the important contribution of culture-independent approaches towards a more complete understanding of phyllosphere microbiology. Unlike what has been reported for leaf surfaces of apple (Yashiro et al., 2011) , tropical trees (Lambais et al., 2006) , grape (Leveau and Tech, 2011) , tomato (Enya et al., 2007) , soybean, clover and mouse-ear cress (Delmotte et al., 2009 ), we did not find a dominant representation of Sphingomonas in our samples. This observation matches other surveys of lettuce surface microbiota (Zwielehner et al., 2008; Hunter et al., 2010) . The family Enterobacteriaceae was prominently represented in the lettuce phyllosphere by Erwinia and Pantoea, as observed previously (Hunter et al., 2010; Lopez-Velasco et al., 2011) . These two genera encompass most of the recognized plant-associated coliforms (Leclerc et al., 2001) , which readily explained our detection of coliforms in lettuce leaf washes (Figure 2c ). In the summer samples, we found culturable coliforms at levels that were comparable to those reported elsewhere for fieldgrown lettuce (Mukherjee et al., 2004; Phillips and Harrison, 2005) . In the winter samples, coliform levels were much lower and this difference is of potential interest, because it follows the seasonality of historical detections of Escherichia coli O157:H7 in the Salinas Valley. However, no correlation has so far been shown between the abundance of coliforms and contamination with E. coli O157:H7. On the basis of the data presented here, we contend that coliforms are a natural part of the lettuce microbiota and that the results from tests that use total coliform counts as a proxy for fecal contamination of lettuce should be interpreted accordingly.
We observed a clear separation between summer and winter production regions in terms of the bacterial community composition that characterized the lettuce that was grown in these two regions. To what degree and by what mechanisms seasonal differences such as relative humidity or temperature, or irrigation practices (Supplementary Table 1) were the cause of the observed variation in bacterial community composition remains an open question. We cannot exclude the possibility that location per se, rather than local weather conditions, contributed to the observed variation. For example, bacterial communities on lettuce leaves may have been different between summer and winter because they were drawn from metacommunities that differed between northern and southern production regions. This summer/winter (or north/south) incongruity certainly is an important finding that invites an experimental approach to tease out the factors that contribute to the observed differences.
A salient finding was the correlation between the abundance of Xcv, the bacterial pathogen causing BLS of lettuce, and the presence or absence of the genera Alkanindiges, Bacillus, Erwinia and Pantoea. As for the causes and effects that underlie these positive and negative correlations, three hypotheses can be formulated. First, naturally occurring Bacillus, Erwinia and Pantoea strains in the lettuce phyllosphere are antagonists of Xcv establishment, whereas Alkanindiges acts as a facilitator. Second, establishment of Xcv on lettuce in the field differentially impacts specific groups of bacteria in the phyllosphere bacterial community, particularly Bacillus, Erwinia, Pantoea and Alkanindiges species. Third, the changes in abundance of Xcv, Bacillus, Erwinia, Pantoea and Alkanindiges are not a function of one another, but occur in response to other factors, for example plant genotype. These hypotheses remain to be tested, but there are some observations in the literature that are worth mentioning in this context. A possible antagonistic activity of Bacillus against Xcv agrees with the fact that a reduction in BLS severity can be achieved by use of the biological pesticide Serenade (Bull and Koike, 2005) , which contains Bacillus as an active ingredient. Little is known about the genus Alkanindiges, although it has been reported to occur on lettuce leaf surfaces (Hunter et al., 2010) . One of the only two species described so far, Alkanindiges illinoisensis, is an obligate degrader of alkane (Bogan et al., 2003) , which is a major component of the waxy cuticle that covers plant leaf surfaces (Mü ller and Riederer, 2005) . Possibly, a compromise in the integrity of the leaf cuticle underlies a facilitative role of Alkanindiges in Xcv establishment on lettuce leaves. As for the alternative hypothesis that Xcv infection was the cause of changes in the bacterial community composition on lettuce, it should be noted that none of the leaves that we analyzed exhibited symptoms typical of BLS, ruling out macroscopic-level lesion formation as an explanation for possible Xcv-induced changes that we observed in the bacterial community composition. Finally, recent evidence suggests that different accessions of lettuce harbor different foliar microbiota (Hunter et al., 2010) . However, little variation in the bacterial community composition was observed among different cultivars of Romaine (also called Cos), compared with the variation seen with other lettuce types, such as butterhead, iceberg and curly leaved. This agrees with our finding that there was no cultivar-dependent variation between different Romaine varieties ( Figure 6 ).
We were intrigued by the odd placement of the six samples in cluster 5 in relation to the two samples taken on the same day (but placed in cluster 6) in Figure 5 . The overrepresentation of Geodermatophilaceae (phylum Actinobacteria) in all eight samples provided an important clue to what might be underlying this placement. Bacteria belonging to this family were first discovered in desert soils (Luedemann, 1968) and have also been detected in airborne dust (Polymenakou et al., 2008) . Interestingly, on the day of sampling, a severe dust storm struck Yuma County, which was predicted by the National Weather Service (2009) and confirmed by observations on the ground at the time of sampling. We suspect that the bacterial communities on the leaf samples from this date were a mixture of 'true' lettuce leaf residents and recently immigrated dustassociated bacteria. The peculiar position of cluster 5 in the tree ( Figure 5 ) is explained by the fact that samples Y2a/b, Y3a/b and Y4a/b, which were taken later in the day than Y1a/b, received more dust. Thus, samples Y1a and Y1b still grouped most closely together and with other lettuce samples from the winter season, whereas the other six samples collectively out-grouped every other sample. This observation offers good evidence not only for the temporally dynamic nature of the bacterial community composition on plant foliage, but also for the role of dust and other bioaerosols as a source of many phyllosphere bacteria (Suslow et al., 2003) .
The 10-to 100-fold discrepancy that we observed between qPCR-and CFU-based bacterial population sizes on lettuce leaves (Figures 2a and b) has been noted earlier (Rastogi et al., 2010) . It may be attributed in part to the fact that our qPCR-based numbers are overestimates because we assumed a single-copy occurrence of the 16S rRNA gene in bacterial cells. On the basis of the pyrosequencing results presented here, we can abandon this assumption and instead, for each taxon identified by Classifier, calculate an adjusted relative abundance for that taxon based on known 16S rRNA gene copy numbers (Lee et al., 2009 ). This analysis (data not shown) revealed that, on average, we overestimated the total bacterial load on lettuce by a factor 4. This still does not entirely explain the difference between qPCR-and CFU-based estimates, especially for the winter samples, in which even after taking into account multiple copies of 16S rRNA genes per cell, only 4% of the cells made a colony on plate. Such low culturability does not agree with the relatively high representation of genera like Pseudomonas in these samples, which we would expect to grow on the plates that we used to count CFUs. Therefore, we suspect that a fraction of the bacteria that were washed off the field-grown lettuce from these regions were either non-viable or viable-but-non-culturable but got included in the qPCR-based total count because their DNA was extracted along with that of other, viable bacteria. Pseudomonas cells have indeed been shown to enter a non-culturable state after long periods of incubation on leaves (Wilson and Lindow, 1992) .
Bacteria are not the only microorganisms that colonize lettuce leaves, and so this study offers only a partial picture of the lettuce microbiota. Leaves of plants and trees in general are known to harbor rich communities of fungi (Jumponnen and Jones, 2009; Jumpponen and Jones, 2010; Unterseher et al., 2010; Finkel et al., 2011) . Within the small group of sequences in our data set, which were classified as not being of bacterial origin, we found several instances of matches with the 18S rRNA gene from the foliar fungal pathogen Bremia lactucae, causing downy mildew of lettuce, in addition to several other oomycetes. This preliminary result not only confirms that the protocol we used to isolate DNA from lettuce leaves permits the recovery of fungal DNA; but also opens the window on a yet unexplored part of the lettuce leaf microbiota.
